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1

METHOD AND DEVICE FOR REMOTE
SENSING AND CONTROL OF LED LIGHTS

RELATED APPLICATIONS

The present application 1s a continuation of U.S. patent
application Ser. No. 13/718,366, filed on Dec. 18, 2012,
which 1s a continuation of U.S. patent application Ser. No.
12/683,393, filed on Jan. 6, 2010, which claims priority from
U.S. Provisional Application Ser. No. 61/144,408, filed on
Jan. 13, 2009, each of which 1s incorporated herein by refer-
ence.

BACKGROUND

An 1ncreasing number of light fixtures are utilizing light
emitting diodes (LEDs) as light sources to increased eifi-
ciency and provide a longer operational lifetime over conven-
tional incandescent light sources. While designers using
incandescent light sources have had decades to work out
problems, LEDs are relatively new and still present some
issues that need to be resolved before gaining wide accep-
tance. One such 1ssue ivolves the reaction of LEDs to heat.
LEDs require a relatively low constant temperature in com-
parison to incandescent light sources or bulbs. A typical oper-
ating temperature of an incandescent filament 1s over 2,000
degrees Celsius. An LED may have a maximum operating
temperature of approximately 150 degrees Celsius, and
operation above this maximum can cause a decrease 1n the
operational lifetime of the LED. The decrease 1n light output
1s caused at least in part by carrier recombination processes at
higher temperatures and a decrease 1n the effective optical
bandgap of the LED at these temperatures. A typical operat-
ing temperature of an LED 1s usually below about 100
degrees Celsius to preserve operational lifetime while main-
taining acceptable light output.

Multiple LEDs are typically grouped together 1n each light
fixture to provide the amount of light output necessary for
lighting a room 1n a home or building. LEDs used 1n light
fixtures are typically considerably higher in light output and
power consumption than the typical colored indicator LED
seen 1n many electronic devices. This increase in the LED
density and power causes an increase in heat buildup 1n the
fixture. In LEDs, an increase in temperature causes an
increase 1n current which, consequently, causes a further
increase 1n temperature. If lett unchecked, the increased cur-
rent caused by 1ncreased temperature can cause thermal run-
away where the temperature increases to a point where the
LED i1s damaged. Therefore, 1t 1s important to control the
power supplied to the LEDs to ensure that the temperature of
the LEDs does not exceed the maximum safe operating tem-
perature. Controlling the power to the LED can generally be
accomplished by controlling the current or controlling the
voltage, although light output 1s directly related to current.

Incandescent and tluorescent lighting fixtures 1n buildings
are usually supplied by a line or mains voltage, such as 115
Volts AC at 60 Hertz 1n the United States. Other single phase
voltages are also used, such as 277 Volts AC, and in some
instances other single and multiple phase voltages are used as
well as other frequencies, such as 1n Britain where 220 Volts
at 50 Hz 1s common. Power to these lighting fixtures 1s con-
trolled by a wall mounted switch for an on or off operation,
and a dimmer switch can be used to control brightness levels
in addition to providing a simple on and off function.

LEDs 1n light fixtures operate on a much lower voltage than
what 1s typically supplied to a building. LEDs require low
voltage DC so supply power must be converted from higher
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voltage AC to DC constant current. Generally a single white
LED will require a forward voltage of less than approxi-

mately 3.5 Volts. It 1s also important to control current to the
LED since excessive current can destroy the LED and
changes 1n current can lead to undesirable changes 1n light
output.

Some conventional LED lighting systems use thermo-
couples or thermistors to measure temperatures of the LEDs.
These devices are placed 1n a position near the LED and are
connected to a temperature monitoring system using set of
wires that are 1n addition to the wires powering the LED.
These temperature detection devices cannot directly measure
the actual temperature of the LED die 1tself since they nec-
essarily have to be spaced apart from the LED die because of
optics of the LEDs and the LED conductors. In addition, the
extra set of wires between the thermistor and the monitoring
system can be inconvenient, especially if the monitoring sys-
tem 1s a significant distance from the thermistor. Because the
thermistors do not directly measure the actual temperature of
the LED die, these devices introduce some particular inaccu-
racies 1nto the temperature measurement.

SUMMARY

The present mvention overcomes the limitations of con-
ventional LED temperature measurement devices by provid-
ing a method and device for measuring an actual temperature
of the LED not an approximation based on a temperature near
the LED.

In one embodiment, according to the present disclosure, a
method for determining a temperature of at least one light
emitting diode (LED) 1n a circuit 1s disclosed. The circuit
includes a power supply for powering the LED through {first
and second LED conductors by providing an operating cur-
rent through the LED conductors and an operating voltage
across the LED conductors. The LED 1s operable to generate
light 1n response to recerving the operating current in a range
of operating currents and receiving the operating voltage 1n a
range of operating voltages. An operating current and oper-
ating voltage are provided to the LED through the first and
second LED conductors. A current pulse 1s superimposed on
the operating current to the LED, through the first and second
LED conductors resulting 1n a voltage pulse that 1s superim-
posed on the operating voltage. The voltage pulse 1s sensed
across the first and second LED conductors resulting from the
applied pulse of current to determine a voltage magnitude of
the voltage pulse. A current magnitude of the current pulse 1s
determined, and the operating temperature of the LED 1s
determined based on the current magnitude of the current
pulse and the voltage magnitude of the voltage pulse.

In another embodiment, a method for determining a tem-
perature near at least one light emitting diode (LED) 1n a
circuit 1s disclosed. The circuit includes a power supply for
powering the LED through first and second LED conductors
to cause the LED to operate to generate light when a forward
operating voltage and forward operating current 1s supplied to
the LED through the LED conductors. The LED exhibits a
forward voltage resistance when the forward operating volt-
age 1s supplied to the LED through the LED conductors and
the LED exhibits a reverse bias voltage resistance when a
reverse bias voltage 1s supplied to the LED through the LED
conductors. The reverse bias voltage resistance 1s greater than
the forward voltage resistance. A thermistor 1s arranged
across the first and second LED conductors 1n parallel with
the LED. The thermistor has an effective resistance range in
which at least two different thermistor resistances of the
thermistor correspond to at least two different thermistor
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temperatures of the thermistor. The thermistor resistances in
the effective resistance range are lower than the reverse bias
voltage resistance of the LED and are higher than the forward
voltage resistance of the LED. An effective resistance range 1s
selected such that, when a forward drive current 1s applied to
the LED conductors, one portion of the forward drive current
which flows through the LED 1s the forward operating current
and another portion of the forward drive current which flows
through the thermistor 1s a forward thermistor current which
1s smaller than the forward operating current. When the
reverse bias voltage 1s supplied to the LED conductors, a
reverse drive current flows through the LED conductors 1n an
opposite direction than the forward drive current and one
portion of the reverse drive current flows as a leakage current
through the LED and which does not cause the LED to pro-
duce light and another portion of the reverse drive current
flows through the thermistor as a reverse thermistor current
which 1s larger than the leakage current. The thermistor 1s
positioned 1n a thermal pathway of the LED to recerve heat
produced by the LED during operation of the LED. The
temperature of the thermistor 1s measurable by determining,
the thermistor resistance using the reverse thermistor current
and the temperature of the thermistor 1s related to a tempera-
ture of the LED.

Another embodiment involves a switch assembly for elec-
trical communication with at least one light emitting diode
(LED) assembly to control the LED assembly. The LED
assembly has at least one LED with a first LED conductor and
a second LED conductor and which 1s powered by receiving
an operating current through the LED conductors in arange of
operating currents and an operating voltage across the LED
conductors 1n a range of operating voltages. The LED assem-
bly 1s configured to be fixedly installed remotely from the
switch assembly to provide light. A transformer 1s included
for electrically connecting to a line power source for receiv-
ing line power with a line voltage greater than 100 Volts AC
and converting the line voltage to a transformed power with a
transformed voltage that 1s less than 50 Volts. A power con-
troller 1s 1ncluded for recerving the transtormed power from
the transformer and for at least creating an operating power
with the operating current in the range of operating currents
and the operating voltage in the range of operating voltages.
The power controller 1s arranged to electrically connect to the
LED assembly through the LED conductors to supply the
operating current and operating voltage to the LED assembly
through the LED conductors. A temperature monitor 1s
included for electrically connecting to the LED conductors.
The temperature monitor includes a current sensor to deter-
mine a magnitude of current through the LED conductors and
a voltage sensor to determine a magnitude of voltage across
the LED conductors. The temperature monitor also includes a
controller that 1s electrically connected with the current and
voltage sensors and 1s configured for calculating a tempera-
ture of the LED 1n the LED assembly based at least partially
on the determined current and voltage magnitudes. A switch
1s also included for selectively connecting and disconnecting
the operating current and operating voltage from the LED
assembly.

In yet another embodiment, a control system 1s disclosed
for determiming a temperature of at least one light emitting
diode (LED) 1n a circuit which includes a power supply for
powering the LED through first and second LED conductors
by providing an operating current through the LED conduc-
tors and an operating voltage across the LED conductors. The
LED 1s operable to generate light 1n response to recerving the
operating current 1n a range of operating currents and receiv-
ing the operating voltage in a range of operating voltages. The
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control system includes a power supply for providing the
operating current and operating voltage to the LED through
the first and second LED conductors. The power supply 1s
used 1n superimposing a current pulse on the operating cur-
rent to the LED, through the first and second LED conductors
resulting 1n a voltage pulse that 1s superimposed on the oper-
ating voltage. A voltage sensor 1s included for sensing the
voltage pulse across the first and second LED conductors
resulting from the applied pulse of current to determine a
voltage magnitude of the voltage pulse. A current sensor 1s
included for determining a current magnitude of the current
pulse. A controller 1s included for determining the operating
temperature of the LED at the provided operating current
based on the current magnitude of the current pulse and the
voltage magnitude of the voltage pulse.

In another embodiment, a control system 1s disclosed for
determining a temperature near at least one light emitting
diode (LED) 1n a circuit. The circuit includes a power supply
for powering the LED through first and second LED conduc-
tors to cause the LED to operate to generate light when a
forward operating voltage and forward operating current 1s
supplied to the LED through the LED conductors. The LED
exhibits a forward voltage resistance when the forward oper-
ating voltage 1s supplied to the LED through the LED con-
ductors and the LED exhibits a reverse bias voltage resistance
when a reverse bias voltage 1s supplied to the LED through the
LED conductors. The reverse bias voltage resistance 1is
greater than the forward voltage resistance. The control sys-
tem 1ncludes a thermistor that 1s electrically connected across
the first and second LED conductors in parallel with the LED.
The thermistor has an effective resistance range 1n which at
least two different thermistor resistances of the thermistor
correspond to at least two different thermistor temperatures of
the thermistor. The thermistor resistances in the effective
resistance range are lower than the reverse bias voltage resis-
tance of the LED and are higher than the forward voltage
resistance of the LED. The effective resistance range 1s such
that, when a forward drive current 1s applied to the LED
conductors, one portion of the forward drive current which
flows through the LED 1s the forward operating current and
another portion of the forward drive current which flows
through the thermistor 1s a forward thermistor current which
1s smaller than the forward operating current. When the
reverse bias voltage 1s supplied to the LED conductors, a
reverse drive current flows through the LED conductors 1n an
opposite direction than the forward drive current and one
portion of the reverse drive current tlows as a leakage current
through the LED and which does not cause the LED to pro-
duce light and another portion of the reverse drive current
flows through the thermistor as a reverse thermistor current
which 1s larger than the leakage current. The thermistor 1s
positioning 1n a thermal pathway of the LED to receive heat
produced by the LED during operation of the LED. The
temperature of the thermistor 1s measurable by determining,
the reverse thermistor current and the temperature of the
thermistor 1s related to a temperature of the LED.

In another embodiment, a method 1s disclosed for electri-
cally communicating with at least one light emitting diode
(LED) assembly to control the LED assembly. The LED
assembly having at least one LED with a first LED conductor
and a second LED conductor. The LED 1s powered by receiv-
ing an operating current through the LED conductors 1n a
range of operating currents and an operating voltage across
the LED conductors 1n a range of operating voltages. The
LED assembly 1s configured to be fixedly 1nstalled to provide
light. The method includes transforming a line power source
with a line voltage greater than 100 Volts AC and converting
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the line voltage to a transformed power with a transformed
voltage that 1s less than 50 Volts. The transformed power 1s
received and an operating power 1s created with the operating,
current 1n the range of operating currents and the operating
voltage 1n the range of operating voltages. The operating
current and operating voltage 1s selectively supplied to the
LED assembly through the LED conductors to control light
output of the LED assembly. A temperature of the LED 1s
determined through the LED conductors at least partially by
determining a magmtude of current through the LED conduc-

tors and determining a magnitude of voltage across the LED
conductors.

BRIEF DESCRIPTION OF THE DRAWINGS

The present mnvention may be understood by reference to
the following detailed description taken 1n conjunction with
the drawings, 1n which:

FI1G. 1 1s a block diagram of a control system for determin-
ing a temperature of a light emitting diode.

FIG. 2 1s an equivalent circuit diagram of a light emaitting,
diode used for determining the temperature of the light emat-
ting diode.

FIG. 3 1s a graph of experimental and theoretical results for
temperatures determined.

FIG. 4 1s a block diagram of a circuit for determining an
ambient temperature.

FIG. 3a 1s a block diagram of a circuit for determining an
ambient temperature using conductors for powering the light
emitting diode.

FI1G. 556 1s another block diagram of the circuit for deter-
mimng an ambient temperature using conductors for power-
ing the light emitting diode.

FIG. 6 1s a diagrammatic illustration, in elevation, of a
control system having a switch for controlling a light emitting
diode mounted 1n a light fixture 1n a room.

FIG. 7 1s a block diagram of a control system having an
interface for transierring data to a supervisory system.

FIG. 8 1s a block diagram of a control system for determin-
ing a temperature ol more than one light emitting diode.

FIG. 9 1s another block diagram of a control system for
determining a temperature of more than one light emitting
diode.

FIG. 10 15 a flow diagram 1llustrating a method for deter-
mimng a temperature of at least one light emitting diode.

FIG. 11 1s a flow diagram 1llustrating a method for deter-
mimng a temperature near at least one light emitting diode in
a circuit.

FI1G. 12 1s a tlow diagram 1llustrating a method for electri-
cally communicating with at least one LED assembly to con-
trol the LED assembly.

DETAILED DESCRIPTION

While this invention 1s susceptible to embodiment 1n many
different forms, there are shown 1n the drawings, and will be
described herein 1n detail, specific embodiments thereof with
the understanding that the present disclosure 1s to be consid-
ered as an exemplification of the principles of the invention
and 1s not to be limited to the specific embodiments described.
Descriptive terminology such as, for example, uppermost/
lowermost, right/lett, front/rear and the like has been adopted
for purposes of enhancing the reader’s understanding, with
respect to the various views provided 1n the figures, and is in
no way intended as been limiting.

Referring to the drawings, wherein like components may
be indicated by like reference numbers throughout the various
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figures, FIG. 1 1llustrates one embodiment of a light emitting
diode (LED) control system, indicated by the reference num-
ber 100 within a dashed line. Control system 100 1s electri-
cally connected to an LED 102 using a first LED conductor
104 and a second LED conductor 106. LED 102 1s operable to
produce light, represented by arrows 108, when the LED
receives an operating current 110 through the LED conduc-
tors 1n a range of operating currents and receives an operating
voltage 112 1n a range of operating voltages across the LED
conductors. In the present embodiment, control system 100
includes a power supply 114 which 1s connected to a line
power source 116 through line conductors 118. The utility
power source provides an AC line voltage at a typical line
voltage, such as 110 Volts RMS, to power supply 114. Power
supply 114 converts the utility power to the operating voltage
in the range of operating voltages and applies the operating
voltage to the LED conductors. Power supply 114 also con-
verts the utility power to operating current 110 1n the range of
operating currents and applies the operating current to the
LED conductors.

A separate transformer (not shown 1n FIG. 1) can be used
for transforming the line power from the line voltage source to
a transformed power. In this instance, the power supply
receives the transformed power from the transformer and
produces the operating current and operating voltage as dis-
cussed.

Power supply 114 can be controlled by a controller 120
through a control line 122. Controller 120 provides a current
control signal 124 which controls the amount or magnitude of
the operating current applied to the LED conductors. The
amount of light produced by the LED 1s directly related to the
amount of operating current that the LED receives. Therelore,
by controlling the operating current, the controller can control
the amount of light produced by the LED. Controller 120 can
be connected to a current measurement analog to digital
(A/D) converter 126 or other current sensor which detects the
magnitude of the operating current and produces a current
sensed signal 128 that 1s supplied to the controller through a
current sensed signal line 130. Using the current sensed sig-
nal, the controller can determine the present level of the
operating current and can change current control signal 124 to
adjust the magnitude of the operating current. As an alterna-
tive or 1n addition to sensing the current with the current
sensor, the current can be determined by producing the cur-

rent at a known magnitude.

A voltage measurement A/D converter 132 or other voltage
sensor 1s connected between the first and second LED con-
ductors using voltage sensor conductors 134 and 136. Con-
verter 132 detects the voltage across the LED conductors and
produces a voltage sensed signal 138 on a voltage sensed
signal line 140. The voltage sensed signal line 1s connected to
controller 120, which receives the voltage sensed signal 138
and can determine the operating voltage that 1s supplied to
LED 102. It should be noted that while LED 102 1s presently
discussed as a single LED, many of the concepts and embodi-
ments are applicable to multiple LED’s as well. Specific
examples of multiple LED systems will also be discussed
below.

Controller 120 can include a processor 142, a clock 144
and a memory 146 along with software, not specifically
shown, which enables the controller to determine the operat-
ing current and the operating voltage based on the current
sensed signal 128 and the voltage sensed signal 138, respec-
tively. The software can be configured to operate the control-
ler as required 1n view of the overall disclosure. Controller
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120 can also store values of the operating current and voltage
in the memory along with the times at which the stored values
occurred, among other things.

Current flowing through the LED causes the LED to pro-
duce heatas well as light. The LED 1s operable at an operating
temperature which 1s at a safe level 1f 1t remains below a
maximum temperature. If the temperature exceeds the maxi-
mum temperature then the LED can be subject to thermal
damage which can reduce the lifetime of the LED or cause
rapid failure of the LED. In some instances, the heat causes an

internal resistance of the LED to decrease which, in turn,
increases the amount of current that flows through the LED
which increases the heat produced. Left unchecked, the LED
enters a condition of thermal runaway where the heat caused
by the increased current which 1s caused by the heat eventu-
ally causes the temperature of the LED to exceed the maxi-
mum temperature and the LED fails.

In the present embodiment, control system 100 can deter-
mine the temperature of the LED based on electrical mea-
surements through the two LED conductors. This allows the
control system to set the operating current to prevent the LED
from over heating as well as allowing for the determination of
the operating lifetime of the LED, among other things.

Turning now to FIG. 2, a diode equivalent circuit 150 1s
shown connected to first LED conductor 104 and second LED
conductor 106. In general, LED 102 can be represented by the
diode equivalent circuit which includes a diode junction 152,
a series resistance 154 and a shunt resistance 156. Using the
diode equivalent circuit, operating current 104 can be deter-
mined by the following ideal diode equation:

Equation 1

V—Eg]
AKT

{= J’,:,E:xp[

Where I 1s the operating current tlowing through the LED,
I_ 1s a constant depending on the LED properties, V 1s a
voltage applied across the diode junction of the LED, E_ 1s a
value that 1s closely related to the optical band gap of the
semiconductor at the diode junction referred to as the “etlec-
tive” optical band gap, A 1s a constant known as the diode
factor which 1s usually a value between 1 and 2, k 1s Boltz-
mann’s constant and T 1s the temperature of the semiconduc-
tor diode junction 1n degrees Kelvin.

At relatively lower voltages, below about 1.5 to 2 volts,
shuntresistance 156 of the equivalent circuit appears to domi-
nate and the current-voltage-temperature behavior deviates
from what 1s predicted by Equation 1. However, atthese lower
voltages the LED remains cool and produces little usetul
light. At relatively higher voltages, above about 2.5 volts,
series resistance 154 appears to dominate and the current-
voltage-temperature behavior deviates from Equation 1.
These higher voltages are near the limit of LED operation.

The effective shunt resistance 1s a result of surface and
junction impertections while the series resistance results
from sheet resistance of the semiconductor doped lavers,
contact resistance and the wires. In reverse bias, the effective
shunt resistance 1s extremely high as the junction depletion
width increases. This msulating layer allows for essentially
no current flow through the reverse biased LED. In order to
avoid the accumulation of destructive levels of electrostatic
charge, a Zener diode (not shown) 1s usually placed across the
diode to drain oif current at voltages above about 5 volts.

Equation 1 describes the current, voltage and temperature
operation of the LED to an acceptable level of accuracy
within a range ol operating voltages where the operating
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voltage 1s above where the shunt resistance dominates and
below where the series resistance dominates. In one embodi-

ment, this range 1s from about 1.5V to about 2.5 V, however
this range may be larger or smaller depending on character-
istics of the LED. By knowing the values, other than T 1n
Equation 1, the temperature of the actual diode die itself can
be determined.

One of the values needed to determine the temperature 1s
the effective optical band gap value, E,. The ettective optical
band gap 1s nearly the same for all white LED’s since most
LED’s use blue light to produce the white light, even when
different semiconductor materials are used. In many white
LED’s, the blue or UV light 1s used to excite phosphor to
produce white light in the white LED’s. Applicant has empiri-
cally demonstrated with several commercial LED’s that the
elfective optical band gap 1s 3.2 ¢V. The diode factor A 1s
taken to be 2, which 1s usually a good assumption for LED’s
for diodes where junction recombination dominates. The
elfective band gap can also be determined for the LED by
solving Equation 1 for E_ if all of the other variables in
Equation 1 are known.

Another value that can be determined 1s the series resis-
tance 154. Given the limitations of series and shunt resis-
tances, 1t can be important to measure the current voltage
relationship 1n the proper range of values. By determining the
series resistance the temperature can be determined below
where the series resistance dominates and where an accept-
able level of accuracy can be obtained. At high current the
voltage applied to the LED drops across the diode as well as
the series resistance. The actual diode wvoltage can be
devolved from the total operating voltage 112 from the
equivalent circuit shown 1n FIG. 2. The operating voltage, V
at a measured current I 1s divided across the two circuit
clements Rs and the diode 152 as follows 1n Equation 2 where

Rs 1s the series resistance and Vd 1s the voltage across the
diode.

V=IRs+Vd Equation 2.

Because the series resistance Rs 1s a constant and does not
vary, the exponential dependence of the diodes I-V relation-
ship can be separated from the linear relationship of the series
resistance by performing measurements at several different
currents and voltages and solving for the diode’s variables.
Equation 2 can be solved for the diode voltage Vd=V-IRs
which can then be substituted into Equation 1 to give the
following Equation 3 for determining the series resistance.

Equation 3

(V—IRS)—EE]

{= Iﬂexp[ T

A comparison of experimental data with results obtained
using Equation 1 1s shown in a graph 160 in FIG. 3. Graph 160
shows a plot of a log of operating current 110 plotted against
operating voltage 112 at three different experimental tem-
peratures; 260 degrees Kelvin, 295 degrees Kelvin and 383
degrees Kelvin (hereinafter K). A value of 5x10° Amps was
used 1 Equation 1 for I to make the calculated data fit the
experimental data. The experimental data was obtained by
immersing the LED i1n a temperature controlled mineral o1l
bath while the data was taken. A thermocouple was welded to
a metal slug of the LED to measure the temperature of the
LED and o1l bath and the operating current and operating
voltage were measured.

The experimental results for the log current vs. voltage
points at 260 K are shown by small circular dots, some of
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which are indicated by the reference number 162, the tem-
perature curve of theoretical results obtained using Equation
1 for the temperature of 260 K are represented by dashed line
164. Data points for the experimental results of the current vs.
voltage at 295 K are shown as X’s, some of which are indi-
cated by the reference number 166. Solid line 168 1s a tem-
perature curve that shows the theoretical results obtained
using Equation 1 with the 295 K temperature. The experimen-
tal results for current vs. voltage at 383 K are shown by
circular dots, some of which are indicated by the reference
number 170. A temperature curve of the theoretical results
obtained using Equation 1 at 383 K are shown by dashed line
172. Key 174 also shows which information i1s experimental
and which was obtained using Equation 1 for subsequently
generating the three linear plots.

As shown 1n graph 160, at relatively higher currents and
voltages the experimental current vs. voltage points deviate
from those predicted by Equation 1. While not intending to be
bound by theory, this may be at least partially due to the series
resistance of the LED and may indicative of wasted power in
the form of heat. It 1s likely that low temperature measure-
ments are affected by self heating of the LED’s. A reasonably
accurate determination of temperature can be obtained by the
theoretical results by using current and voltage that corre-
spond to areas of the temperature curve where there 1s suili-
cient agreement between experimental and theoretical
results.

As seen 1n graph 160, as the temperature 1s increased, the
temperature curve moves to the left and the slope of the curve
decreases. Therefore by determining a point on the graph of
current and voltage of an LED, the temperature of the LED
can be determined based on where the point falls on the graph.
Also, by determining more than one point based on more than
one current and voltage, the slope of the temperature curve
can be determined which can then establish the temperature
tor the multiple points. Further, by using Equation 1, a given
current and voltage can be used to determine a single tem-
perature of the LED at a given time.

Control system 100 (FIG. 1) can determine the temperature
of LED 102 through the two wire connection to the LED

using the first and second LED conductors 104 and 106.
Operating current 110 can be provided by power supply 114
at a known amplitude. Operating voltage 112 can be deter-
mined by voltage measurement A/D converter 132. Given this
information along with Equation 1 as discussed above, con-
troller 120 can determine the operating temperature of LED
102 based on current flow and voltage across the LED con-
ductors. This allows the temperature of the LED to be deter-
mined from a location that 1s remote from the LED without
the need for additional wires to connect to the LED. This also
provides an accurate determination of the actual temperature
of the LED die itself, not the temperature of the atmosphere
around the LED as provided by a thermal detection device
that 1s located 1n the thermal pathway of the LED.

In one embodiment, controller 120 controls power supply
114 to produce a pulse 111 of current that 1s superimposed on
operating current 110 through the LED conductors. This cur-
rent pulse can be produced at a known magnitude or the
current can be accurately measured with current measure-
ment A/D converter 126. Current pulse 111 1s shown in the
present example as a negative pulse which lowers the operat-
ing current while still keeping the operating current positive,
but other pulse shapes can also be used. The current pulse
causes voltage 112 to react with a corresponding voltage
pulse 113 which can be measured using the voltage measure-
ment A/D converter 132. Voltage pulse 113 1s a temporary
reduction 1n operating voltage that still maintains the forward
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bias across the LED. Controller 120 then uses the amplitudes
of the current and voltage pulses to determine the temperature
of the LED using Equation 1. A voltage pulse can be used 1n
place of the current pulse. In this instance, the voltage pulse
would be applied to the LED conductors at an amplitude that
1s e1ther known or sensed and the resulting current pulse can
be measured using the current measurement A/D converter. It
should be understood that measurements of current or voltage
pulses can be accomplished 1n a number of different ways in
view ol the recognitions that have been brought to light
herein. In one embodiment, an average temperature of groups
of LEDs that are arranged 1n series or parallel can be deter-
mined based on one or more current pulses through the LEDs.

The current pulse can be an increase or a decrease 1n the
operating current, and the current pulse can also be 1n the
shape of a ramp, triangle wave or other shape that provides
more than one current. In the case where the current pulse
includes a shape such as the ramp, the current pulse will
provide more than one different current amplitude which, in
response, will cause the voltage to exhibit more than one
different voltage amplitude. These multiple corresponding
currents and voltages can then be used to determine the tem-
perature either based on points on a graph, such as graph 160,
or based on a slope of a temperature curve. In one example,
the current pulse can be used to put the corresponding sensed
voltage 1n a voltage range, described above, between where
the series resistance of the LED and the shunt resistance of the
LED dominate. Multiple different pulses can also be used and
the pulses can be produced atregular intervals, or based on the
temperature determined or on other parameters. In some
instances, power supplies can provide anomalies such as
ripples 1n the current which can be used as the current pulse.
Switching type power supplies are one example of these types
of devices.

In one embodiment, the current pulse can be sufficiently
short 1n duration such that any change 1n light output by the
LED caused by the pulse 1s not percervable by humans. This
avoilds any perceived tlickering of the light level that would
not be desirable 1n a lighting system that 1s used at least
partially for 1llumination for human perception. High persis-
tence phosphors can be used so that a longer pulse duration
can be used. The longer pulse can improve the accuracy of the
temperature determination by allowing for the use of a more
accurate A/D converter which uses a longer sampling time
and can average out random noises and other interference.

By determining the temperature of the LED, control sys-
tem 100 can control the operating current to the LED so that
the LED temperature 1s maintained at a sale operating tem-
perature below which heat damage to the LED can occur.
Controller 120 can be programmed with the maximum safe
operating temperature of the LED and can compare the deter-
mined temperature with the safe operating temperature. The
controller can raise or lower the operating current until the
LED operates at a desired operating temperature. The con-
troller can also provide other control functions.

The control system can also record the determined tem-
peratures to a file 1n the memory along with the time of the
temperature. In this way, the control system can keep a run-
ning tally of the operating temperature of the LED and time of
operation of the LED to project the lifetime of the LED. The
memory can be non-volatile memory so that the system can
remember the temperature of the LED 1n the event of a brief
power failure. When power 1s restored, this allows the control
system to resume operation of the LED by setting the oper-
ating current based at least partially on the stored operating
temperature. Operating current and/or operating voltage or
other parameters can also be stored into memory for tracking
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other information regarding the LED. For 1nstance, by track-
ing operating current, operating voltage and time, the control
system can monitor power consumption of the LED. Overall
operating time of the LED can be tracked by monitoring the
time that operating current and/or operating voltage are
applied to the LED.

Yet another embodiment 1s illustrated in FIG. 4, where a
control system 180 includes a connection with a thermistor
182. Thermistor 182 1s electrically connected to controller
120 with thermistor conductors 184 so that the controller can
determine a thermistor temperature at the location of the
thermistor by determining a resistance of the thermistor. In
the embodiment shown 1n FIG. 4, thermistor 182 1s located
remote from LED 102 but 1s 1n the same thermal environment
as the LED. By being in the same environment, thermistor
182 and LED 102 are essentially at the same temperature
prior to operation of the LED at startup or after the LED has
had suilicient time to cool to the ambient temperature after
operation. In this way, thermistor 182 can be used to deter-
mine a temperature ol the LED. This operation could be
conducted after the LED and control system are installed
where they are to be used, or could be conducted during a
manufacturing process prior to mnstallation. Thermistor 182
can also be mounted near the LED and/or within the same
enclosure as LED 102, such as within a light fixture. In this
case, the thermistor conductors would reach from the control-
ler to the location of the thermistor near the LED. Also, this
allows the control system to be 1n a different thermal envi-
ronment from the LED and thermaistor.

In another embodiment, shown in FIGS. 5a and 554, a
thermistor 186 1s electrically connected in parallel with LED
102 and 1s positioned in a thermal pathway to recerve heat
from the LED. Thermistor 186 is chosen to have an effective
resistance range that 1s lower than an effective resistance of
the LED when reverse biased. At a reverse bias voltage, up to
about -5 Volts, the reverse bias resistance of the LED is
extremely high. The thermistor can also be chosen to have a
torward voltage bias resistance that 1s much higher than an
elfective forward voltage resistance of the LED. As shown in
FIG. Sa, a control system 188 can apply a current pulse 189 to
the LED conductors such that a reverse bias voltage pulse 191
1s created and a reverse bias voltage 199 1s seen across the
LED. The current pulse 189 causes areverse drive current 193
in the LED conductors. One portion of the reverse drive
current tlows through the LED as a leakage current 195 which
does not cause the LED to produce light. Another portion of
the reverse drive current tlows through the thermistor as a
reverse thermistor current 197.

By selecting the resistance range of the thermistor to be
small enough 1n comparison to the reverse bias resistance of
the LED, the leakage current tlow through the LED 1s insig-
nificant compared with the reverse thermistor current tlow
through the thermistor and therefore the leakage current can
be 1gnored while still gaining a reasonably accurate tempera-
ture measurement from the thermistor. When determined at
startup or when the LED 1s at ambient temperature, the tem-
perature of the thermistor 1s the same as the LED temperature.
Connecting the thermistor 1n parallel with the LED allows the
thermistor to be positioned with the LED and away from the
control system while maintaiming the advantage of only using
the two LED conductors for powering the LED and for tem-
perature determination.

Operation of the LED to produce light 1s shown 1n FIG. 55
where a forward drive current 201 1s applied to the LED
conductors. Forward drive current 201 includes one portion
which flows through the LED and 1s referred to as the forward
operating current 203 and another portion that tlows through
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the thermistor which 1s referred to as a forward thermistor
current 205. The forward drive current produces a forward
operating voltage 207 across the LED.

By determining an ambient temperature of the LED, apply-
ing a current pulse to the LED, determining a magnitude of
the current pulse and the resulting magnitude of voltage
pulse, the controller has three variables; current, voltage and
temperature, that can be used 1n Equation 1. Using the values
determined for these variables, and supplying known or esti-
mated values for other parameters, the controller can solve
Equation 1 for any one of the remaining parameters. For
instance, knowing the operating current, operating voltage,
temperature, I_ and the diode factor A, the controller can
calculate the eftective band gap E_. By knowing the other
variables, the diode factor can be calculated. The thermistor
temperature can also be used 1n a calibration procedure to
increase the accuracy in later determining the temperature
using the operating current and operating voltage. The ther-
mistor can be imncluded 1n the diode package along with the
LED die and 1n some cases a zener diode.

As can be understood by the present disclosure, the control
system of the several embodiments disclosed can be located
remotely from the LED or within the same enclosure as the
LED, such as within a light fixture. One or more components
of the control system can also be arrange on one or more
integrated circuits which can be included 1n a single LED
package along with the LED die.

One embodiment 1n which the control system 1s located
remotely from the LEDs 1s shown 1n FIG. 6. In this embodi-
ment, the control system 1s included 1n a switch assembly 190
that 1s installed at a fixed location 1n a wall 192. Switch
assembly 190 includes a switch 191 for controlling the appli-
cation of power to LED 102 through LED conductors 104 and
106. LED 102 can be installed in a lighting fixture 194 that
can be mounted 1n a fixed position 1n a ceiling 196 within a
room 198 with wall 192 and switch assembly 190. The switch
can be a line voltage switch 1n which case the line voltage 1s
controlled by the switch before 1t 1s passed to the control
system. In the embodiment shown in FIG. 6, the line voltage
1s connected to a control system 200 using line conductors
118. Switch 191 1s connected using switch conductors 204 to
controller 120 within the control system to control power to
the LEDs through the control system. Switch assembly 190
can have an on/ofl function and/or dimming capabilities
through control by the controller. A display 206 can be
included and connected to the controller with a display con-
ductor 202 to indicate the status of the switch and/or the LED
to a user. The display can be one or more colored indicators or
can be a screen type display.

Switch assembly 190 can be configured to fit within and
connect to a conventional single-gang electrical box 210 such
as those typically used for mounting a conventional single-
pole line voltage switch 1n a wall.

Another embodiment of the control system 1s shown 1n
FIG. 7. Control system 220 includes an iterface 222 for
transierring data gathered by the control system to a supervi-
sor system 224. Data can be transferred from controller 120 to
interface 222 over an interface conductor 223. The supervisor
system can be a system that 1s used for building control and/or
monitoring and can recerve data gathered by multiple control
systems controlling multiple LEDs at different locations.
Information regarding power usage, temperature, operable
lifetime of the LED and other useful information based on
time, temperature, current and/or voltage can be transmitted
between control system 220 and supervisor system 224. Con-
trol system 220 and/or supervisor system 224 can include
displays for notitying users of the status of the LED. The
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supervisor system can provide control instructions to the
control system to cause it to control light output. The interface
can connect to the supervisor system using a cable 226 such as
an Hthernet cable, over the line conductors 118 or can use

wireless communications such as a ZigBee™ or other typeof 53

wired or wireless communication to a building information
system.

Another embodiment 1s shown in FIG. 8 in which a control
system 2350 1s arranged for monitor and control of multiple
LEDs. Control system 250 includes a power supply 251 with
a transformer 252 that 1s connected to receive line power from
line power source 116 through line power conductors 118.
Transformer 252 transforms the line voltage, which 1s 115
Volts AC 1n the present case, to 12 Volts AC. Line voltage 1s
typically over 100V AC, for the present embodiment. Power
supply 251 also includes a current controller 256. The trans-
former 1s connected to current controller 256 using a power
supply conductor 258 to supply the 12 Volt power to the
current controller. Power supply 251 1s configured to use the
12 Volts AC to supply an operating current and operating
voltage to multiple LEDs. For illustrative purposes 1n the
present embodiment, the current controller 1s connected to
two different LEDs, LED 260 and LED 262. LEDs 260 and
262 can be separate LEDs in one fixture, can be separate
LEDs 1n separate fixtures or each LED 260 and 262 can each
represent multiple LEDs that are connected together and/or
with other LEDs within a similar thermal environment 1n a
series, parallel or series-parallel circuit arrangement. LED
260 1s connected to current controller 256 using LED con-
ductors 264 and LED 262 1s connected to current controller
256 using LED conductors 266. Current controller 256 pow-
ers LEDs 260 and 262 through the respective LED conduc-
tors.

Control system 2350 also includes a temperature monitor
2770 that 1s connected to the current controller using a control
line 272. Temperature monitor 270 includes a processor as
well as current and voltage A/D converters that are not spe-
cifically shown 1n this example. Temperature monitor 270
sends control signals over control line 272 to the current
controller to set the operating current to each of the LEDs.
Based on the known operating characteristics and limitations
of the LEDs, a processor of the temperature monitor can
regulate the operating current to the LEDs via controlling the
DC current or pulsed DC current. That control may make use
of user preferences to maintain constant light output and/or to
maintain long life. Temperature monitor 270 can also control
the current controller to produce current pulses for measure-
ment purposes over each of the LED conductors.

A multiplexer 274 1s connected to LED conductors 264 and
266 using multiplexer conductor lines 276 and 278, respec-
tively. Multiplexer 274 1s connected to the temperature moni-
tor using a control line 280 and a signal line 282. Temperature
monitor 270 controls the multiplexer through the control line
to selectively receive signals from one or the other of LED
conductors 264 or 266 through multiplexer conductor lines
276 or 278. The multiplexer then passes the selected signals to
the temperature monitor through signal line 282. The tem-
perature monitor then determines the current and voltage on
the selected LED conductor and calculates the corresponding
temperature of the LED connected to the selected LED con-
ductor. Temperature monitor 270 can then control the current
controller to adjust the operating current of the selected LED
based on the temperature. This process can then be repeated
tor the LED that was not previously selected. In this way, each
of the LEDs 1n the system can be monitored for temperature,
current, voltage and power usage so long as they have a
separate electrical connection to control system 250.
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Control system 250 can be included 1n a switch assembly
with a switch, as previously discussed, and the switch assem-
bly can be arranged for installation in a wall of a room to
control LEDs supplying light to the room. Control system 250
can also include an interface for communicating with a super-
visory system as previously discussed. Using control system
250 with a supervisory system allows the supervisory system
to monitor and/or control multiple LEDs on an individual
basis.

Another multiple LED arrangement 1s shown in FIG. 9
wherein a control system 300 1s connected to two LEDs 302
and 304 that are electrically connected 1n series. The number
of LEDs shown 1n FIG. 9 1s exemplary of a system with
multiple LEDs. The LEDs connect to the control system
using LED conductors 310 and 312. LEDs 302 and 304 each
include an integral heat sink 306 and 308, respectively, that
are electrically connected to the LED die. The heat sinks are
clectrically connected to an LED conductor 312 using con-
ductors 314 and 316. LED 302 is connected to LED conduc-
tor 310 using a {irst power terminal and an LED conductor
320 connects a second power terminal of LED 302 to a first
power terminal of LED 304. A second power terminal of LED
304 1s connected to an earth ground using a ground conductor
322.

Control system 300 includes a power supply 330 having a
transformer 332 and a power controller 334. Transformer 332
receives line power from power source 116 through line
power conductors 118 and transforms the line power from a
higher voltage to a lower voltage which 1s transterred to the
power controller through a power supply conductor 338.
Transformer 332 can be electronic or electro-magnetic. Con-
trol system 300 also includes a temperature monitor 340
which can have a microprocessor controller. Temperature
monitor 340 1s connected to the power controller using a
control line 342 to pass control signals between the tempera-
ture monitor and the power controller. Power controller 334
supplies power to the LEDs at an operating voltage and at an
operating current controlled by the temperature monitor. A
current A/D converter 344 1s connected to the temperature
monitor using a control line 346 and a signal line 348. In this
arrangement, each LED effectively has three terminals.
Pulses from power controller 334 can be sensed at each LED
using current A/D converter 344 through the conductors 314
and 316 as the pulse passes through each LED. Control sys-
tem 300 can also include a control switch and can be arranged
to fit within the volume envelope of a typical single-gang
junction box.

Each of the LEDs or groups of LEDs can also include an
clectronic module with electronics that respond to an analog
or digital signal command. The signal commands can origi-
nate from a controller in a wall switch, or other location. Each
LED module can respond to such commands individually
back to the controller via the conductors 314 or 316 by pro-
ducing a pulse which the controller can detect through current
A/D 344. The electronic module can also be arranged to
periodically produce a pulse that 1s unique for each LED or
group of LEDs. The electronic module can also be configured
to divert all or a portion of the current flowing through con-
ductor 310 to the conductors 314 or 316 and on to the current
A/D. The controller can record the current-voltage character-
istics and determine a temperature for the LED connected to
the module. The controller can then send a signal to have the
module adjust current 1n the LED as required.

Each of the LEDs or groups of LEDs can also have a
passive or active filter tuned to a different frequency. In this
instance, the filter can be used to address the LED individu-
ally. The pulse can include a frequency component which




US 9,161,415 B2

15

allows the pulse to be received by a selected individual or
group of LEDs to allow the temperature of the selected LED
to be determined.

The control system described herein can be used as a bal-
last for LED lighting fixtures and much of the control system
can be made 1n a single IC. The control system allows the
determination of the actual temperature of an LED, not an
estimated temperature based on a temperature near the LED.
The control system can operate using only the two wires
normally connected to power the LED. By using centralized
control and monitor of the LED temperatures cost for LED
fixtures can be reduced over systems in which each fixture

includes temperature monitoring and control.

A method 500 i1s shown i FIG. 10 for determining a
temperature of at least one LED. Method 500 begins at a start
502 and then proceeds to a step 304 where an operating
current and operating voltage are provided to the LED
through first and second LED conductors. Following step
504, method 500 proceeds to step 506 where a current pulse
1s superimposed on the operating current to the LED through
the first and second LED conductors. This results 1n a voltage
pulse that 1s superimposed on the operating voltage. After
step 306, method 500 proceeds to step 308 where the voltage
pulse 1s sensed across the first and second LED conductors to
determine a magnitude of the voltage pulse. Method 500 then
proceeds to step 510 where a current magnitude of the current
pulse 1s determined. Method 500 then proceeds to step 512
where an operating temperature of the LED 1s determined
based on the current magnitude of the current pulse and the
voltage magnitude of the voltage pulse. Method 500 then ends
at step 514.

A method 520 for determining a temperature near at least
one LED 1n a circuit 1s shown in FIG. 11. Method 520 begins
at a start step 522 and then proceeds to a step 524 where a
thermistor 1s arranged across the first and second LED con-
ductors 1n parallel with the LED. The thermistor can have an
elfective resistance range 1n which at least two different ther-
mistor resistances of the thermistor correspond to at least two
different thermistor temperatures of the thermistor. The ther-
mistor resistances in the effective resistance range are lower
than the reverse bias voltage resistance of the LED and are
higher than the forward voltage resistance of the LED. Fol-
lowing step 524, method 520 proceeds to step 526 where the
cifective resistance range 1s selected such that, when a for-
ward drive current 1s applied to the LED conductors, one
portion of the forward drive current which flows through the
LED 1s the forward operating current and another portion of
the forward drive current which flows through the thermistor
1s a forward thermistor current which i1s smaller than the
forward operating current.

When the reverse bias voltage 1s supplied to the LED
conductors, a reverse drive current tlows through the LED
conductors 1 an opposite direction than the forward drive
current and one portion of the reverse drive current flows as a
leakage current through the LED and which does not cause
the LED to produce light and another portion of the reverse
drive current flows through the thermistor as a reverse ther-
mistor current which 1s larger than the leakage current. Fol-
lowing step 526, method 520 proceeds to step 528 where the
thermistor 1s positioned 1n a thermal pathway of the LED to
receive heat produced by the LED during operation of the
LED. The temperature of the thermistor 1s measurable by
determining the thermistor resistance using the reverse ther-
mistor current and the temperature of the thermistor 1s related
to a temperature of the LED. After step 528, method 520
proceeds to step 530 where the method ends.
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A method 550 for electrically communicating with at least
one LED assembly to control the LED assembly 1s shown 1n
FIG. 12. Method 550 begins at a start step 552 and then
proceeds to a step 5354 where a line power source 1s trans-
formed. The line power source having a line voltage greater
than 100 Volts AC and the line voltage i1s converted to a
transformed power with a transformed voltage that i1s less
than 350 Volts. Following step 554, method 350 proceeds to
step 556 where the transformed power 1s recerved and an
operating power with at least the operating current in the
range of operating currents and the operating voltage in the
range of operating voltages 1s created. After step 556, 1s a step
558 where the operating current and operating voltage are
selectively supplied to the LED assembly through the LED
conductors to control light output of the LED assembly. Fol-
lowing step 558 1s a step 560 where a temperature of the LED
1s determined through the LED conductors at least partially
by determining a magnitude of current through the LED
conductors and determining a magnitude of voltage across
the LED conductors. After step 560, method 550 ends at step
562.

While a number of exemplary aspects and embodiments
have been discussed above, those of skill in the art will rec-
ognize certain modifications, permutations, additions and
sub-combinations thereof. It 1s therefore intended that the
following appended claims and claims hereafter introduced
are 1terpreted to include all such modifications, permuta-
tions, additions and sub-combinations as are within their true
spirit and scope.

What 1s claimed 1s:

1. A method for determining a temperature of at least one
light-emitting diode (LED) in a circuit which includes a
power supply for powering the LED, where the LED 1s oper-
able to generate light, the method comprising:

providing an operating current and an operating voltage to

the LED:

superimposing a current pulse on the operating current;

sensing a magnitude of a voltage pulse across the LED

resulting from the applied current pulse superimposed
on the operating current; and

determinming an operating temperature of the LED at the

provided operating current based on a magnitude of the
current pulse and the magnitude of the voltage pulse.

2. The method according to claim 1, further comprising:

belore providing the operating current, providing an initial

operating current and inmitial operating voltage at a
known 1nitial temperature of the LED;

determining at least one LED parameter based on the initial

operating current, initial operating voltage, and 1nitial
temperature, the operating temperature being deter-
mined based in part on the LED parameter.

3. The method according to claim 2 wherein the initial
operating current and 1nitial operating voltage are provided at
a time when the LED has reached a resting temperature that 1s
essentially the same as an ambient temperature around the
LED.

4. The method according to claim 3 wherein determining
the operating temperature includes using the LED parameter
in the 1deal diode equation

V—Eg]

where 1 1s the operating current, I_ 1s a constant, V 1s the
voltage applied across a diode junction of the LED, E_ 1s the
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elfective optical band gap of the semiconductor at the diode
junction, A 1s the diode factor, k 1s Boltzmann’s constant, and
T 1s the operating temperature 1n degrees Kelvin.

5. The method according to claim 4 wherein the LED
parameter 1s related to the effective optical band gap of the
LED.

6. The method according to claam 4 wherein the LED
parameter 1s used to determine a current to voltage curve for
at least one temperature.

7. The method according to claim 1 wherein superimpos-
ing includes selecting a power supply that exhibits a ripple
current and using the ripple current as the current pulse.

8. The method according to claim 1 wherein superimpos-
ing the current pulse on the operating current produces a
temporary change in the light level from the LED that 1s
imperceptible to humans.

9. The method according to claim 1, wherein the LED 1s
operable at a temperature less than a maximum temperature
and 1s subject to thermal damage at a damage temperature
exceeding the maximum temperature, the method further
comprising:

comparing the operating temperature with the maximum

temperature; and

reducing the operating current responsive to the operating

temperature exceeding the maximum temperature.

10. The method according to claim 1 wherein the superim-
posed current pulse lowers the magnitude of the operating,
current to a value that 1s less than another value of the oper-
ating current that would otherwise be present without the
superimposed current pulse.

11. The method according to claim 1 wherein the circuit
comprises a thermistor electrically connected to the LED and
positioned 1n a thermal pathway to receive heat from the LED.

12. The method according to claim 11 wherein the ther-
mistor 1s electrically connected 1n parallel with the LED.

13. The method according to claim 1 further comprising
receiving, with a ballast, a utility power in the form of a utility
alternating current and a utility alternating voltage, the alter-
nating voltage having a root-mean-square voltage over 100
Volts, and wherein providing the operating current to the LED
includes converting the utility alternating current into the
operating current using the ballast, the ballast having a size
smaller than a volume envelope of a conventional single gang
junction box.

14. The method according to claim 1 further comprising
determining multiple operating temperatures at multiple dii-
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ferent times and saving values of the temperatures and times
at which the temperatures were determined to determine an
overall operable lifetime of the LED.

15. The method according to claim 14 further comprising
determining the overall operable lifetime of the LED based at
least 1n part on the multiple operating temperatures and the
multiple times at temperature.

16. The method according to claim 15 further comprising
indicating the overall operable lifetime of the LED to a user.

17. The method according to claim 135 further comprising
providing the determined overall operable lifetime of the
LED to a system that monitors power usage.

18. The method according to claim 15, wherein the opera-
tion lifetime increases when the LED 1s operated with the
operating temperature below a maximum operating tempera-
ture, the method further comprising:

comparing the operating temperature with the maximum

temperature; and

reducing the operating current to reduce the operating tem-

perature below the maximum operating temperature.

19. The method according to claim 1 wherein there are at
least two LEDs 1n the circuit and wherein the superimposed
current pulse includes a frequency component at a predeter-
mined frequency, the method further comprising passing the
current pulse to a first LED while blocking the current pulse
to the second LED based on the frequency component and
wherein the determined operating temperature 1s the operat-
ing temperature of the first LED.

20. The method according to claim 1 wherein the deter-
mined operating temperature 1s a first operating temperature
which occurs at a first time and further comprising determin-
ing a second, different operating temperature at a second,
different time.

21. The method according to claim 1 wherein the provided
operating voltage 1s between 1.5 Volts and 2.5 Volts DC.

22. The method according to claim 1 wherein the superim-
posed current pulse 1s a current ramp having a plurality of
current magnitudes and the sensed voltage pulse 1s a voltage
ramp having a plurality of voltage magnitudes corresponding
to the current magnitudes such that the operating temperature
1s determined based on a curve relating a log of a plurality of
the currents against a corresponding plurality of voltages.

23. The method according to claim 1 wherein superimpos-
ing the current pulse, sensing the voltage pulse, and deter-
mining the operating temperature are performed periodically.
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